The mutagenic effects of low-energy ions have been identified by genetic studies for decades. Due to the short penetration distance of ions, however, the underlying mechanism(s) is still not quite clarified. Recently, increasing data have been accumulated concerning the existence and manifestation of radiation induced bystander/abscopal effects in vivo in the whole-organism environment. In this study, the bioeffects and the preliminary mechanisms of low energy ion beam irradiation on Medicago truncatula were investigated. The results show that both development and biochemical parameters, such as seed germination, seedling, superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were significantly affected by ion beam irradiation. It was also found that ion beam irradiation significantly increased the ROS generation and DNA strand breaks in Medicago truncatula. To further investigate the mechanism(s) underlying the responses, seeds were treated with dimethyl sulfoxide (DMSO), an effective reactive oxygen species (ROS) scavenger, and the results showed that DMSO treatment effectively rescued the seed germination and seedling rates and the morphological parameters of development, suggesting that ROS might play an essential role in the mechanisms of the bio-effects of ion-beam irradiated Medicago truncatula.
INTRODUCTION
Radiation-induced bystander/abscopal effects (RIBEs) represent a paradigm shift in our understanding of radiobiological effects of ionizing radiation in which extra-nuclear and extra-cellular effects may contribute to the final biological consequences. 1) In the past, most studies of RIBE examined the existence and manifestation of the responses in single-cell in vitro systems. 2) On the other hand, RIBEs also manifest themselves in the whole-organism environment. It was shown that ionizing radiation exposure resulted in the release of soluble "clastogenic" factors into circulating blood of exposed individuals, which could induce the chromosome damage in cultured cells.
3) Belyakov et al. reported that the target for radiation damage was larger than the initial irradiated tissue volume in a three-dimensional human tissue model system. 4) Koturbash et al. suggested that radiation induced DNA damage in bystander tissue more than 1 cm away from directly irradiated tissues in mice. 5) Besides experimental models based on mammal, RIBEs in vivo in higher plant has been reported previously in our group. Irradiation of shoot apical meristem (SAM) of A. thaliana with an exact number of proton particles led to significant inhibition of root hair differentiation, primary root elongation and lateral root initiation in post-embryonic development. 6) The biological effects of low-energy ion beam were identified by genetic studies since 1980s on rice, crops and microbes etc. [7] [8] [9] Due to the short penetration distance of ions, however, the underlying mechanism(s) is still not quite clarified. Our previous study proved that low energy ion irradiation could inhibit the post-embryonic developments of bystander tissues, suggesting existing of long distant abscopal effects in Arabidopsis thaliana seeds. 10) However, whether these abscopal responses could generate enzymological and genetic changes synthetically is not clear. On the other hand, to prove this observation in different plants is quite important for the seeds breeding of low-energy ion beam.
Medicago truncatula is an annual forage legume, and a near relative of the economically valuable forage legume, alfalfa. This plant has been chosen as a model species for genomics studies owing to its diploidy (with just eight pairs of homologous chromosomes), small genome size, fast generation time and transformation efficiency. 11, 12) Like many other legume species, but unlike the model plant Arabidopsis thaliana, legumes also form symbiotic relationships with rhizobia and mycorrhizal fungi. The extensive biodiversity in M. truncatula is a valuable resource for the research of low-energy ion beam mutation breeding. In the present study, by irradiation of Medicago truncatula seeds with lowenergy ions, we studied the bio-effects to further confirm the importance of radiation induced abscopal effects in plant.
MATERIALS AND METHODS

Medicago truncatula growth
Wild type Medicago truncatula (ecotype Jemalong A17) was obtained from Prof. N. D. Young (Department of Plant Pathology, University of Minnesota, USA). The plant material was cultured in a growth chamber at 22°C and 80% relative humidity (RH), and illuminated with a 16 hours light/ 8 hours dark cycle (40 μmol photons m-2s-1, Philips). For the observation of root and stem, seedlings were grown vertically in the 90-mm Petri dishes.
Irradiation protocols
The low-energy ion beam irradiation of seeds was performed with Ion Beam Bioengineering Facility in ASIPP (Institute of Plasma Physics, Chinese Academy of Sciences). For irradiation, the samples were settled in the sample discs and then put into target chamber of the facility. When the vacuum situation of target chamber was below 10 -2 Pa, the seeds in sample disc were irradiated with low-energy (30 KeV) Ar + ions from 0.5, 1, 1.5 or 2.0 × 10 17 ions/cm 2 under 1.25 × 10 15 ions/cm 2 per pulse with 30s interval. Controls included seeds under normal surrounding (Control 1) and under vacuum surrounding without ion beam irradiation (Control 2). After irradiation, all groups of the seeds were transferred on filter paper fed with distilled water, and then parafilmed and placed at 4°C for 48 h to break dormancy (jarovization). For the detection of germination rate, seeds were inoculated on filter paper irrigated with distilled water in 90-mm Petri dishes separately, and for the observation of root and stem, they were inoculated separately on MS medium solidified with 1% agar (Sigma) in 90-mm Petri dishes with vertical culture. The seeds were also sown separately in soil for detection of development.
The energy for the ions used in the experiments was 30 KeV. The theoretical range of 30 keV Ar + ions in water is about 0.07 microns as simulated with the TRIM (TRansport of Ions in Matter) computer program by calculating the stopping and range of ions in matter using the Monte Carlo technique, 13) which is less than the distance from the testa to shoot apical meristem and root apical meristem in seeds (more than 100 microns) (Medicago truncatula seed structure as shown in Fig. 1 ).
Morphological observations
The germination and seedlings rates of seeds were calculated at day 7 and day 14 after inoculation. To detect the difference of root and stem development, images of all seedlings in the vertical dish were captured by a digital CCD camera (DP70, Olympus) and then analyzed with ImageJ for the elongation of primary root and stem after two weeks. Data were pooled from at least three independent experiments.
Measurement of SOD, CAT and POD
Catalase (CAT), superoxide dismutase (SOD) and Peroxidase (POD) detection kits were purchased from Jiancheng Bioengineering Institute (Nan Jing, China). At the day 4, 7, and 14 after inoculation the seedlings were collected for the SOD, CAT and POD assay as described. 14) Briefly, seedlings were homogenized in 50 mM phosphate buffer, 0.1 mM EDTA, 1% PVP, 1% Triton X-100, pH 7.8. After centrifugation at 10000 r/min for 15 min at 4°C, the protein content was measured according to the method of Bradford 15) using bovine serum albumin (BSA) (Sigma) as standard. POD, CAT and SOD assay were performed according to the protocols supplemented with the detection kit. Data were pooled from at least three independent experiments.
Measurement of ROS
After inoculation for 36 hours, 48 hours, 4 days and 7 days, the seedlings were collected for measuring the production of ROS using 5-(and 6-) chloromethyl-2, 7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA) (Molecular Probes, Eugene, OR) assay as described previously. 16) Briefly, plant homogenate treated with 10 μM CM-H2DCFDA for 30 min at 25°C. DCF fluorescence was measured using an excitation wavelength of 485 nm and an emission wavelength of 530 nm. All the fluorescence data were collected with a fluorescence plate reader (Spectra Max M2, Molecular Devices). Data were pooled from at least three independent experiments.
DNA strand break measurement
Quantification of 3' OH DNA breaks was performed using the random oligonucleotide primed synthesis ( ROPS assay). 17) This assay is based on the ability of the Klenow fragment polymerase to initiate ROPS from the reannealed 3'OH ends of single-stranded DNA. After a denaturationreassociation step, the ssDNA serves as its own primer by randomly reassociating itself to other ssDNA molecules. Under strictly defined reaction conditions, the incorporation of [
32 P]-dCTP into newly synthesized DNA will be proportional to the initial number of 3'OH ends (breaks). After inoculation for 36 hours, the seedlings were collected for measuring the DNA Strand Break. Briefly, 100 mg plant was ground under liquid nitrogen to a fine powder using a mortar and pestle, and total DNA of the plant was isolated using a Universal Genomic DNA Isolation kit (BIO BASIC INC, Canada). Genomic DNA quantity was assessed by an analytical 0.7% agarose gel. A 1-μg aliquot of plant DNA just prior to ROPS reaction was denatured at 100°C for 5 min and then cooled on ice. The reaction mixture for one sample contained 1 μg heat denatured DNA, 2.5 μL 0.5 mM 3dNTPs (dGTP, dATP, and dTTP mix), 2.5 μL 10 × Klenow fragment buffer, 0.45 μL 33 μM dCTP, 5 units Klenow enzyme, and 0.5 μL [ 32 P]-dCTP. Reaction volume was adjusted to 25 μL with distilled sterile water. After incubation at 25°C for 30 min, the reaction was stopped by the addition of an equal volume of 25 mM EDTA pH 8.0. Following this, the 50 μL reaction volume of each sample was aliquoted to three 25-mm DE-81 ion-exchanging filter papers, washed with 50 mM sodium phosphate buffer (pH 7.0) for 10 min for three times. Subsequently, filters were thoroughly dried and transferred to a vial containing 1 mL of scintillation cocktail. Radiation levels ( 32 P decays per minute) were detected in a scintillation counter. Data were pooled from at least three independent experiments.
Treatment with DMSO
To further investigate the mechanism(s) underlying the responses, seeds were treated with an effectively reactive oxygen species (ROS) scavenger, dimethyl sulfoxide (DMSO). For germination rate and morphological observations, just after irradiation, seeds were treated with 0.5% DMSO during the jarovization period (48 h) and the development period. Data were pooled from at least three independent experiments.
Statistics
In all cases, the average and standard deviation (SD) were calculated. The statistical significance of the experiments was confirmed by performing Student's t-test. A p value of 0.05 or less between groups was considered to be significant.
RESULTS
Germination and seedling rates inhibited by irradiation and rescued with DMSO treatment
As shown in Fig. 2 , ion beam irradiation at the fluences of 0.5 and 1 × 10 17 ions/cm 2 did not affect the germination rates of M.truncatula, while 1.5 and 2 × 10 17 ions/cm 2 ion beam irradiation inhibited both the germination and seedling rates significantly (p < 0.05). For instance, the mean germination and seedling rates were 58% and 47% for 1.5 × 10 17 ions/cm 2 , and 50% and 34% for 2 × 10 17 ions/cm 2 of the controls respectively. There were no significant differences between control 1 and control 2. As the germination and seedling rates for 1.5 × 10 17 ions/cm 2 were both around 50-60% of the controls, this dose has been chosen for our following study.
To study the essential role of ROS on the growth effects of M.truncatula, 0.5% DMSO was used. The results showed that 0.5% DMSO treatment effectively rescued the germination and seedling rates of ion irradiated M.truncatula (p < 0.05, panel DMSO, compared with panel H 2 O, Fig. 3A and Fig. 3B ). 0.5% DMSO treatment has been tested not to affect the germination and the seedling rates of vacuum treatment (control 2).
Morphological parameters inhibited by irradiation and rescued with DMSO treatment
The postembryonic development of plant includes both aerial and subterranean parts which developed from SAM and RAM respectively. As showed in Fig. 4 , the length of primary root and total plant were significantly inhibited by ion beam irradiation compared with their controls (p < 0.05). The mean length of primary root and total plant of the controls were 4.6 cm and 6.3 cm, while the mean length of primary root and total plant of irradiation group were about 3.3 cm and 4.1 cm. The length of primary stem of irradiation group was also inhibited but not significantly (p = 0.07). The results showed that morphological parameters were affected by ion-beam irradiation.
Moreover, 0.5% DMSO treatment also rescued the length of primary root of irradiated M.truncatula (p < 0.05, Fig. 4) . At some extent, DMSO treatment also rescued the length of 
SOD, CAT, and POD activities
The balance of antioxidant enzyme activities may be crucial for determining the steady level of O 2. and H2O2. The variety of SOD, POD, and CAT activities with ion beam irradiation has been proved to be an intrinsic factor for the effects of ion-beam implanted on organism. 18) As shown in Fig. 5 for the time course of enzyme activities, SOD, CAT and POD activities were not significantly inhibited by ion beam irradiation at day 4 after inoculation. However, their activities were significantly inhibited at day 7 and 14 (except for the CAT activity at day 7). These results indicated that low energy ion-beam irradiation could affect enzyme activities in Medicago truncatula.
The generation of ROS and the level of DNA strand breaks
ROS has been shown by many studies to be very important in mediating DNA damage, as well as radiation induced bystander effects. [19] [20] [21] To test if ROS were involved in the long-distance abscopal response in M.truncatula, the time course of ROS generation at day 4, 7 and 14 was performed. As shown in Fig. 6 , the generation of ROS in the irradiated group was significantly higher than that in the control at 36 and 48 hours after inoculation. However, they reduced almost to background level at days 4 and 7 after inoculation.
Furthermore, the levels of DNA strand breaks in M. truncatula were measured with ROPS assay. As shown in 
DISCUSSION
The biological effects of low-energy ions were identified by many studies for decades. Due to the short penetration distance of ions, however, the underlying mechanism(s) is still not quite clarified. Recently, the increasing data have been accumulated concerning the existence and manifestation of radiation induced bystander/abscopal effects in vivo in the whole-organism environment. Our previous study proved that low energy ion irradiation could inhibit the postembryonic developments of bystander tissues, suggesting existing of long distant abscopal effects in Arabidopsis thaliana seeds. 10) However, whether these abscopal/bystander responses could further generate enzymological and genetic changes synthetically is not clear. In the present study, we studied the morphological, biochemical and genetic parameters of Medicago truncatula after ion-beam irradiation. The results showed that not only the morphological and enzymological parameters, but also the DNA breaks were affected synthetically by ion-beam irradiation, indicating that delayed long distant abscopal effects exist in plant universally and the effects can induce DNA damage.
It is well known that the ability of an organism to repair DNA damage in a timely fashion is essential for the integrity and maintenance of the genome. To this end, signal transduction pathways are involved in sensing DNA damage, pausing the cell division cycle to provide time for repair, inducing repair, and finally releasing the cell cycle from arrest. 22) In present study, based on the inhibited germination and morphological results, as well as the increased DNA breaks, it can be speculated that there exists signal(s) transferred to non-irradiated SAM and RAM that result in the ultimate developmental alterations.
The antioxidant protection in plant cells is complicated and highly compartmentalized. In the present study, the ionbeam irradiation at 1.5 × 10 17 ions/cm 2 to Medicago truncatula seeds decreased the POD, SOD and CAT activities. The decrease of these antioxidant enzyme activities also had been observed in other studies. 18, 23, 24) As SOD catalyzes the dismutation of superoxide anion radical (O2 .-) with great efficiency, resulting in the production of H2O2 and O2 .-, CAT reacts with H2O2 directly to form water and oxygen and POD catalyzes H2O2-dependent oxidation of substrate, the reduction of antioxidant enzyme activities in the present study might indicate the reduction of the capability of elimination free radicals. Secondly, as measured enzyme activity is a result of both synthesis and degradation, the decrease of enzyme activity could be also ascribed to either reduced synthesis or enhanced degradation of the enzyme. 25) Moreover, the balance between the formation and detoxification of reactive oxygen species is critical to cell survival and division. Possibly, ion-beam irradiation altered the balance between free radical production and defense reactions of the enzyme. In the present study, it was found that the enzymological results were consistent with the germination and phenotypic observations, supporting this argument. 24, 26) ROS has been shown by many studies to be very important in mediating radiation induced bystander effects. It was also reported that ROS could affect morphogenesis directly through effects on cell cycle activity, 27) the microtubule network, 28) and the flexibility of the cell wall. 29) In present study, the results showed that low energy ion-beam irradiation could enhance the generation of ROS, and DMSO treatment effectively rescued the seed germination and seedling rates, and the morphological parameters of development, suggesting that ROS might act as abscopal signals to generate bio-effects in low-energy ion irradiated Medicago truncatula seeds.
In conclusion, the morphological parameters, biochemical parameters and genetic parameters were affected after ionbeam irradiated Medicago truncatula. In addition, the long distant abscopal effects exist in intact organism, and ROS play an essential role in the long distant abscopal responses.
